The Gibbs free energy and critical reaction conditions of preparing Mg and Ca metal by carbothermic reducing calcined dolomite were calculated and analyzed. New thermodynamic criterion for reduction reaction, including the critical temperature and vacuum degree, was studied. The results show that: when T/P 0.0449 < 1199.2, neither MgO nor CaO can be reduced by carbon; when T/P 0.0449 ! 1199.2 and T/ P 0.0462 < 1350.9, MgO can be reduced while CaO can not be; when T/P 0.0462 ! 1350.9, both MgO and CaO can be reduced. According to the requirements, we can obtain only Mg, Mg first then Ca, Mg and Ca simultaneously by controlling temperature, vacuum degree or both of them properly, by carbothermic reducing calcined dolomite.
Introduction
Mg alloys are the lightest structure metals and promises to be the first relay baton of Cu and Al alloys. Mg alloys are widely used in aerospace, transportation, electrical equipment, optical equipment, precision machinery, household goods and other fields on account of its low density, high specific strength, good damping performance and satisfying lightweight [1e6] .
The Mg metal preparation methods mainly include thermal reduction and electrolysis. At present, Pidgeon process, based on the silicothermic reduction, is widely used to produce Mg metal and has become the primary method. However, it has numerous problems on resource and energy consume, environment pollution, and so on [6e8]. Some new processes were also investigated to solve the quoted problems. Among them, carbothermic reduction is a bright prospective technique for having good performance on technique, economy, resources and environment etc [9] .
Ca and its alloys are extensively used in many fields, including alloying agent, reducing agent, deoxidizer, desulfurizer, decarburizer, dehydran, degasifier, and so on [10] . However, it usually requires huge investment on production equipment and plenty of energy consume by the mean of electrolyzing CaCl 2 fused salt to get Ca metal. Meanwhile, the silicothermic or aluminothermic reduction processes of producing Ca metal have similar problems of Pidgeon process and their reducer are costly [11, 12] .
Presently, the key mineral resource to manufacture Mg metal is dolomite whose main component is MgCO 3 $CaCO 3 . Generally, it can get calcined dolomite which is rich in MgO and CaO by decomposing dolomite at high temperature, and calcined dolomite is the Mg source in Pidgeon process [13] . However, CaO becomes slag when MgO in the calcined dolomite is reduced to Mg. This not only depletes resources and energy but also poses a threat to the environment [8] .
As alkali-earth metal oxides, both MgO and CaO can be reduced to pure metals. In this paper, we propose a new process that makes the best use of Mg and Ca in calcined dolomite by carbothermic reduction method, and further analyze its thermodynamic feasibility and the influences of temperature and vacuum on thermal reduction reaction.
The oxygen potential of C, Mg and Ca
The oxygen potential of C, Mg and Ca are listed in Table 1 and the relationship between them and temperature are shown in Fig. 1 . They indicate that:
The oxygen potential of Mg is higher than Ca at same temperature, in other words, MgO is easier to be reduced compared with CaO.
With the increase in temperature, the oxygen potential of C decreases, whereas Mg and Ca show a certain increase,
The oxygen potential curves of C and Mg intersect at T ¼ 2119.21 K. When T > 2119.21 K, the oxygen potential of C is lower than Mg, which means that MgO could be reduced by C.
The oxygen potential curves of C and Ca intersect at T ¼ 2428.67 K. When T > 2428.67 K, the oxygen potential of C is lower than Ca, which means that CaO could be reduced by C.
According to the above analysis, MgO and CaO can be reduced by C under standard state. On the other hand, it is difficult to apply on industrial scale because of high reaction temperature, which will lead to serious energy consumption and may have a detrimental impact on the reduction thermal equipment.
The thermodynamic analysis for Mg and Ca metal preparation by carbothermic reduction method

The thermodynamic analysis of preparing Mg metal
The reaction equation of MgO reduced by carbon is: [15] MgOðsÞ þ CðsÞ ¼ MgðgÞ þ COðgÞ ð 4Þ
Reaction (4) can be obtained by reactions (1) and (2) from Table 1 , and the standard Gibbs free energy can also be got by DG q 1 and DG q 2 :
According to the Vant't Hoff equation, the Gibbs free energy of reaction (4) in vacuum condition is: [16] 
where P q refers to atmosphere pressure, P Mg , P CO the partial pressure of Mg and CO in the reduction pot, respectively. The stoichiometric ratio of Mg and CO in reaction (4) is 1:1, and there is nothing but Mg vapor and CO gas in the reduction pot. According to Dalton's law (of partial pressure) [17] , we can get P Mg z P CO z 1/2P, where P is reaction atmosphere vacuum degree in the reduction pot. a C ,a MgO are the activity of C and MgO, and they can be considered as 1 approximately. This can attribute to the solid state of C and MgO in the extent of reaction. Therefore, equation (6) can be arranged as:
It is clear from equation (7) that the temperature T and vacuum degree P in the reduction pot have a significant effect on the Gibbs free energy of reaction (4). The curve of DGeT curve is shown in Fig. 2 . Table 1 The oxidation reaction and calculation method of C, Mg and Ca [14] . Fig. 2 indicates thatDG 4 decreases with the increase in temperature or the reducing of vacuum degree, which means that both temperature increase and vacuum degree decrease contribute to reaction (4) in the forward direction. The critical reaction temperature is 1363.80 K when P ¼ 10 Pa. In other words, when P ¼ 10 Pa and T > 1363.80 K, MgO can be reduced by C to Mg [18] . In comparison with standard state, the critical reaction temperature is reduced by 770.83 K.
The thermodynamic analysis of preparing Ca
From Fig. 1 and Table 1 , it can be observed that C can react with CaO under certain condition. The reaction equation is:
Reaction (8) can be obtained by reactions (1) and (3) in Table 1 , and the standard Gibbs free energy can also be obtained by DG q 1 and DG q 3 :
According to the Vant't Hoff equation, the Gibbs free energy of reaction (8) under vacuum state is:
The parameters of reaction (10) are the similar to equation (6), correspondingly. Thus equation (10) can be arranged as:
Similarly, it can be seen from equation (11) that the temperature T and vacuum degree P in the reduction pot have an impact on the Gibbs free energy of reaction (8) . The curve of DGeT is shown in Fig. 3 .
In comparison with Figs. 2 and 3 shows that DGeT curves of reaction (8) are similar to DGeT curves of reaction (4). Both the temperature rises and vacuum degree falls, contribute to reaction (8) to be in the forward direction. The critical reaction temperature is 1531.41 K when P ¼ 10 Pa. In other words, when P ¼ 10 Pa and T > 1531.41 K, CaO can be reduced by C to Ca. In comparison with standard state, the critical reaction temperature is reduced by 897.26 K.
The new thermodynamic criterion for reduction reaction
Based on the above analysis, it can be concluded that the vacuum degree of thermal reduction reaction under the equilibrium state is correlated with the temperature .The internal relationship can be obtained when the equation DG ¼ 0:
For reaction (4):
For reaction (8):
According to equations (12) and (13), the PeT curves are drawn in Fig. 4 , just as the solid line shown. The equations (12) and (13) are complicated and can be fitted by power function faultlessly:
For equation (12) , the fitting equation is:
For equation (13) , the regression equation is:
Being significance tested, there are significant correlation in fitting equation and original equation of reactions (4) and (8) .
Equation (14) corresponds to the relationship between reaction temperature and vacuum degree of the preparation of Mg, using carbothermic reduction under the equilibrium state. And reaction (15) corresponds to the relationship between reaction temperature and vacuum degree of the preparation of Ca, using carbothermic reduction under the equilibrium conditions. The curves are drawn in Fig. 4 as the broken line shown. It can be found that the solid line is very close to the broken line because of the perfect goodness of fit.
There are three sections in Fig. 4 : Therefore, when reducing calcined dolomite by carbothermic reduction, we can obtain only Mg, Mg first then Ca, Mg and Ca at the same time by controlling temperature, vacuum degree or both of them properly, according to the requirements. So the resources and energy can be utilized sufficiently and efficiently.
Conclusions
(1) In standard state, reaction MgO(s) þ C(s) ¼ Mg(g) þ CO(g) can occur when the temperature is higher than 2119.21 K and reaction CaO(s) þ C(s) ¼ Ca(g) þ CO(g) can occur when the temperature is higher than 2428.67 K.
(2) When T/P 0.0449 < 1199.2, neither MgO nor CaO can be reduced by carbon; when T/P 0.0449 ! 1199.2 and T/ P 0.0462 < 1350.9, MgO can be reduced while CaO can not be; when T/P 0.0462 ! 1350.9, both MgO and CaO can be reduced. According to the requirements, we can obtain only Mg, Mg first then Ca, Mg and Ca simultaneously by controlling temperature, vacuum degree or both of them properly, by carbothermic reducing calcined dolomite.
